Although blood oxygenation level-dependent (BOLD) functional magnetic resonance imaging (fMRI) has been widely used to explore human brain function, questions remain regarding the ultimate spatial resolution of positive BOLD fMRI, and indeed the extent to which functional maps revealed by positive BOLD correlate spatially with maps obtained with other high-spatial-resolution mapping techniques commonly used in animals, such as optical imaging of intrinsic signal (OIS) and single-unit electrophysiology. Here, we demonstrate that the positive BOLD signal at 9.4T can reveal the fine topography of individual fingerpads in single-condition activation maps in nonhuman primates. These digit maps are similar to maps obtained from the same animal using intrinsic optical imaging. Furthermore, BOLD fMRI reliably resolved submillimeter spatial shifts in activation in area 3b previously identified with OIS (Chen et al., 2003) as neural correlates of the "funneling illusion." These data demonstrate that at high field, high-spatial-resolution topographic maps can be achieved using the positive BOLD signal, weakening previous notions regarding the spatial specificity of the positive BOLD signal.
Introduction
Blood oxygenation level-dependent (BOLD) functional magnetic resonance imaging (fMRI), since its discovery in early 1990s, has become one of the most powerful mapping techniques for localizing brain function and has revolutionized cognitive neuroscience. Because cortical columns are believed to be the building blocks of cerebral cortical function, revealing functional structures at the millimeter and submillimeter scale is critical to understanding brain function. Activation mapping at this millimeter and submillimeter scale is mostly the domain of other high-spatial-resolution techniques, such as optical imaging of intrinsic signals (OIS) and single-unit electrophysiology. Because higher magnetic-field (B0) strengths improve the sensitivity of fMRI signal, higher spatial and temporal resolutions can be achieved. However, the ultimate functional spatial specificity of the positive BOLD signal as a mapping tool without contrast agent, and to what extent these activation maps correlate with underlying neuronal activities as well as their equivalence to maps obtained by optical imaging and electrophysiology are still open questions.
In contrast to BOLD fMRI, OIS offers higher spatial (ϳ100 m) and temporal resolution (ϳ100 ms), and has been widely used for the study of cortical function in animals including rodents, carnivores, and nonhuman primates (Grinvald et al., 1986; Frostig et al., 1990; Malonek and Grinvald, 1997; Chen et al., 2001 Chen et al., , 2003 , and to some extent in humans (Cannestra et al., 2001; Pouratian et al., 2002; Sato et al., 2002; Schwartz, 2005) . Many studies suggest that the optical intrinsic signal corresponds to the early negative BOLD signal (the so-called "initial dip") (Toth et al., 1996; Malonek and Grinvald, 1997; Cannestra et al., 2001; Pouratian et al., 2002; Sheth et al., 2004) . This early negative BOLD signal is quite small, however, and has not been consistently detected (Marota et al., 1999; Silva et al., 2000) . Although alternative fMRI approaches, such as cerebral blood flow (CBF) and volume (CBV) methods, can reveal submillimeter sized columnar and laminar organizations of cortex (Duong et al., , 2001 Lu et al., 2004; Sheth et al., 2004; Vanzetta et al., 2004; Harel et al., 2006a) and retina (Cheng et al., 2006) , whether such spatial resolution can be obtained using the positive BOLD signal is unknown.
To address these issues, we compared the positive BOLD and OIS maps of fingerpad representation in the primary somatosen-sory cortex (SI) in the same anesthetized squirrel monkey. In addition to validating the BOLD maps, such intraindividual comparisons can provide direct linkage between OIS and electrophysiological signals studied in animals and BOLD signals studied in humans. We have previously used OIS to map the somatotopy of millimeter-sized fingerpad representations in areas 3b and 1 of SI in this species (Chen et al., 2001 ) and identified a submillimeter spatial shift in activation location corresponding to the neural correlate of the tactile funneling illusion (Chen et al., 2003) . Here, we test whether BOLD fMRI without benefit of exogenous contrast agents can also achieve submillimeter spatial resolution.
Materials and Methods
Animal preparation. Eight Squirrel monkeys (Ͼ25 sessions) were anesthetized with ketamine hydrochloride (10 mg/kg)/atropine (0.05 mg/kg) and maintained with isoflurane anesthesia (0.8 -1.1%) delivered in a 70:30 O 2 /NO 2 mixture. Animals were intubated and artificially ventilated. After intubation, the animal was placed in a custom-designed MR cradle and its head secured with ear bars and an eye bar. Lactated Ringer's solution was infused intravenously (2-3 ml/h/kg) to prevent dehydration during the course of the study. Arterial blood oxygen saturation and heart rate (Nonin, Plymouth, MN), electrocardiogram, end-tidal CO 2 (ET-CO 2 ; 22-26 mmHg; Surgivet, Waukesha, WI), and respiration (SA Instruments, Stony Brook, NY) were externally monitored and maintained. Temperature (37.5-38.5°C) was monitored (SA Instruments) and maintained via a combination of a circulating water blanket (Gaymar Industries, Orchard Park, NY) and a flow of warm air (SA Instruments). Real-time monitoring was maintained from the time of induction of anesthesia until full recovery. All procedures were in compliance with and approved by the Institutional Animal Care and Use Committee of Vanderbilt University.
Stimulus protocol. The fingers were secured by gluing small pegs to the fingernails and fixing these pegs firmly in plasticine, leaving the glabrous surfaces available for vibrotactile stimulation by a rounded plastic probe (2 mm diameter) connected to a piezoelectric device (Noliac, Kvistgaard, Denmark). Piezos were driven by Grass S48 square wave stimulators (Grass-Telefactor, West Warwick, RI) at a rate of 8 Hz with 30 ms pulse duration. Stimulation was applied in blocks of 30 s on and then 30 s off. The timing of the presentation of stimuli was externally controlled by the MR scanner.
MR methods. All scans were performed on a 9.4T 21 cm narrow-bore Varian Inova magnet (Varian Medical Systems, Palo Alto, CA) using a high-performance 3 cm surface transmit-receive coil secured over the sensory cortex. Scout images using a fast gradient-echo sequence were used to define a volume covering primary somatosensory cortex in which static magnetic field homogeneity was optimized, and to plan oblique slices for structural and functional imaging (see Fig. 1 ). T2*-weighted gradient-echo structural images [repetition time (TR), 200 ms; echo time (TE), 14 ms, three slices, 512 ϫ 512 matrix; 156 ϫ 156 ϫ 2000 m resolution; number of excitations, 2] were acquired to identify venous structures on the cortical surface used to help locate SI, and as structural features for coregistration of fMRI and optical somatotopic maps. fMRI data were acquired from the same slice using a gradient echo-planar image (EPI) sequence (TE, 16; 64 ϫ 64 matrix; 625 ϫ 625 ϫ 2000 m resolution). The TR on individual scans was adjusted (e.g., 1.5 or 2 s) to match the ventilator rate to minimize respiration-induced signal variations in the functional time courses.
fMRI data analysis. Images were reconstructed on the MR console (Varian VnmrJ) and imported into Matlab (Mathworks, Natick, MA) for analysis. EPI data were collected as a 64 ϫ 64 matrix for an in-plane voxel dimension of 625 m. These raw EPIs were smoothed with a 3 ϫ 3 Gaussian window with an SD of 312 m, and then interpolated to a 256 ϫ 256 matrix for overlay on anatomic images. Time courses were drift corrected using a linear model fitted to each time course and temporally smoothed with a low-pass filter whose cutoff frequency was set above the second harmonic of the task function. The correlation of each functional time course to a reference waveform was calculated and functional maps were generated by identifying regions of clustered voxels whose correlation with the reference waveform was significant at least at p Յ 10 Ϫ5 (uncorrected for multiple comparisons). Before choice of this threshold, the influence of the threshold on the area, amplitude, and centroid of activation were examined and compared with the results from optical imaging and electrophysiology in the same animals. Activations were overlaid on corresponding anatomic images and then compared with known topography.
Calculations of MI. The merging index (MI) reflects the normalized distance of the merged activation observed during simultaneous stimulation of two digits from the center of the two single-digit activations. To calculate the MI, the digit locations are set to 0 (center of one digit), 0.5 (central point between two digits), and 1 (center of adjacent digit), allowing the center of activation for the two-digit stimulation to be normalized to the same scale across cases (Chen et al., 2003) .
Optical imaging and data analysis. Three of eight fMRI monkeys were subsequently imaged with optical imaging. For the optical imaging experiments, identical procedures used in the fMRI studies in anesthesia and vital-sign monitoring were followed except monkeys were anesthetized by slightly higher isoflurane (0.9 -1.3%) delivered by pure oxygen (to be consistent with our previous optical studies). Importantly, ET-CO 2 was maintained at the same level for all optical imaging and fMRI experiments. After craniotomy/durotomy, the primary somatosensory cortex (areas 3b and 1 in the SI) was exposed and identified by bloodvessel landmarks revealed by fMRI studies. Images were collected using the Imager 3001 systems (Optical Imaging, Germantown, NY) with 630 nm illumination. A blood-vessel map, used for landmark purposes, was collected with 570 nm illumination. In blocks of trials, stimuli (4 s duration) were presented in a randomly interleaved manner. Thirty trials were collected per stimulus condition. Intrinsic signal maps were collected at five image frames per second for 3 s starting 200 ms before stimulus onset. Interstimulus intervals were 8 s. Detailed optical imaging procedures have been described previously (Chen et al., 2001 (Chen et al., , 2003 For each stimulus condition, all trials were summed to maximize signal-to-noise ratio. Single-condition activation maps were obtained by subtracting individual frames from either the first frame image (baseline image before stimulus onset) obtained from each given vibrotactile stimulus or frames collected during the no-stimulus condition. For each image, regions of strongest activation were delineated by using a thresholding procedure or, in some cases, using statistical measurement (t test) (see Figs. 5, 7) . In the thresholding procedure, the strongest activation in each single-condition map was identified by clipping pixels whose grayscale pixel values (0 -255 range) were Ͼ85% of the total pixel distribution within each image. In the statistical t test procedure, signal amplitude (average 1.5-3 s after stimulus onset) was compared with the signal 200 ms before stimulus onset.
Alignment of BOLD and OIS activation maps. For image registration, we identified corresponding anatomical and blood-vessel landmarks in each image (see Fig. 6d ,e) (eight pairs of corresponding points); these coordinates were then put into a point-based registration algorithm (implemented in Matlab). These landmarks were selected without a priori knowledge of the location of functional activations. For each pair of OIS/fMRI images, the registration transformation between these two sets of coordinates was then applied to one activation image, thereby coregistering the OIS image to the fMRI image (cf. Hill et al., 1991; Chen et al., 2002) . The resulting overlaps of activation zones in the image pairs were then examined.
To quantitatively compare the locations of BOLD and OIS activations, we generated, for each digit, three-dimensional (3D) mesh graphs of fMRI and OIS activations (see Fig. 7 ). We then determined the x-y coordinate of the activation center and calculated the distance between center locations in BOLD and OIS maps.
Electrophysiology. A brief electrophysiological mapping procedure, guided by the previously acquired fMRI map, was used to locate the fingerpad region of areas 3b and 1 before optical imaging. Tungsten microelectrodes were inserted into superficial cortical layers. The responsive skin area of the unit activity was identified by initially palpating areas on the contralateral arm and hand while listening to the audio amplifier for spike activity. Then if the unit activity was located on the hand, the skin was lightly tapped with a 2 mm diameter probe or stroked with a cotton wisp. Area 3b units were discriminated on the basis of small receptive field size (restricted to a single fingerpad), brisk responsiveness to light tapping, and a lateral to medial topography of digits D1-D5. Area 1 units typically have larger receptive fields covering more than one finger (Sur et al., 1982) . Area 3b was found anterior to the central sulcus (see Fig 2d,h ). Cortical representations of the distal fingerpads in area 3b and area 1 were segregated by the representations of the middle phalanges and palm (Sur et al., 1982) . The receptive fields of multiple or single units were outlined through a series of indentations with a 2-mmdiameter hand-held probe.
Results
These studies used a total of eight hemispheres in eight squirrel monkeys. Although we have imaged eight squirrel monkeys using fMRI, maps from one monkey contained blood-vessel noise contamination that limited our ability to perform quantitative analysis on that case; we therefore excluded that case from subsequent quantification. Three of the eight hemispheres (in three monkeys) were also imaged with OIS.
Fine fingerpad topography revealed by positive BOLD in areas 3b and 1 Eight squirrel monkeys were studied with fMRI. In each hemisphere of each squirrel monkey, we first obtained three oblique anatomical slices using a 3 cm transmitreceive surface coil positioned over somatosensory cortex (Fig. 1a) . This arrangement provided relatively uniform sensitivity and higher signal/noise ratio in a mapping plane similar to that obtained with OIS, permitting direct coregistration of fMRI and OIS maps. Clear landmarks that are available in the squirrel monkey brain, such as the central and lateral sulci (Fig. 1b) , can be seen in the top slice (Fig.  1c , slice 1). Deeper slices (Fig. 1c , slices 2, 3) can be used to study areas that are buried within sulci such as SII (second somatosensory cortex). Figure 2 shows single-condition activation maps collected from SI during individual 8 Hz vibrotactile stimulation of digits D2, D3, and D4 in monkey 1 (Fig. 2a-c ) (thresholded at p Ͻ 10 Ϫ7 for D3 and D4 and p Ͻ 10 Ϫ8 for D2) and D1 and D2 in monkey 2 ( Fig. 2f-g ) (thresholded at p Ͻ 10 Ϫ8 for D1 and D2). We typically observed activation in area 3b (Fig. 2d ,h, overlays) with weaker activation in area 1. In monkey 1, the stimulus elicited distinct focal activations in area 3b for each of the digits ( Fig. 2a-c) . The area of activation for each digit extended ϳ1 mm in area 3b. Consistent with previous optical imaging and electrophysiological studies, adjacentdigit activations were separated by ϳ1 mm. For digit D4 (Fig. 2a) , a smaller activation was observed at a more posterior location corresponding to area 1 (Fig. 2d , composite). In monkey 2, individual stimulation of D1 and D2 produced robust, focal, and somatotopically organized activations in area 3b ( Fig. 2f -g, composite in h). Consistent with previous maps in the squirrel monkey revealed by electrophysiology (Sur et al., 1982) and by optical imaging (Chen et al., 2001 ), the somatotopic organization was similar across seven monkeys. Interdigit activation distances support this similarity: across seven cases, the average peak distances between digits 2 and 3 (n ϭ 4), digits 3 and 4 (n ϭ 8), and digits 2 and 4 (n ϭ 5) were 1.25, 1.07, and 2.04 mm, respectively. Thus, the average adjacent interdigit distance between nonadjacent digits is approximately two times the average distance between adjacent digits.
We further evaluated the quality of the fMRI signal by examining the response and consistency of signal amplitude over time within the same animal and across animals. As shown in Figure  2i , the signal time course was well correlated with the periods of stimulus presentation and interstimulus intervals. Typical of fMRI signal sizes, the amplitude of signal change was on the order of 0.5-1.0% (Fig. 2j) . The average signal changes in the same animal across runs within one imaging session (within 1 d; 0.58 Ϯ 0.27%) (Fig. 2k , middle), across sessions (on different days; 0.56 Ϯ 0.15%) (Fig. 2k, left) , and across animals (n ϭ 7; 0.60 Ϯ 12%) (Fig. 2k, right) were not significantly different.
A concern with fMRI image analysis is that the choice of statistical threshold may influence which voxels are considered activated and the subsequent interpretation of activation patterns. To address this issue, we compared the spatial extent of significant BOLD signal change for activation maps generated at three different (low end) statistical threshold levels: p Ͻ 10 Ϫ5 , p Ͻ 5 ϫ 10 Ϫ5 , and p Ͻ 10 Ϫ4 (not corrected for multiple comparisons). As shown in Figure 3 , lower thresholds resulted in slightly larger activation regions (Fig. 3, compare a-c, e-g ). In the two examples shown, activation areas increased up to ϳ2.5 times over these three threshold levels (Fig. 3i) . Importantly however, these activations remained centered at the same topographic locations, did not recruit additional regions, and retained topographic organization (Fig. 3d,h, overlays) . This demonstrates that, for the p values examined, the findings we report here are not dependent on the specific activation thresholds chosen. These findings, together with the consistency of the signal time course and topographic organization, strongly support the conclusion that these fMRI signals are stimulus related and not artifactual.
Intraindividual optical imaging of fine fingerpad topography
In three of the animals (three hemispheres) studied by fMRI, we also examined digit topography with optical imaging. We first mapped the region near the central sulcus electrophysiologically to determine the locations of digit representation within areas 3b and 1 (Fig. 4d,g, color dots) . Optical images were then acquired from this region during stimulation of distal fingerpads with stimuli identical to those used for the fMRI sessions (for details see Materials and Methods). Optical images revealed activations in both areas 3b and 1 in response to D4, D3, and D2 stimulation in monkey 1 (Fig. 4a-c) and activations in area 3b in response to D2 and D1 stimulation in monkey 2 (Fig. 4e,f ) . Consistent with previous optical imaging studies, digit activations are ϳ1 mm 2 in size in area 3b and somewhat smaller in area 1. D1 to D4 topography progresses in the lateral-to-medial direction in both areas 3b and 1, consistent with the electrophysiology maps (Fig. 4d,g ).
Similar to the approach we took on the fMRI data, to ensure the activation maps obtained with optical imaging were not dependent on the specific thresholding procedure, we analyzed the optical imaging data at multiple threshold levels. For each stimulus condition, we performed t tests between stimulus and nostimulus periods and thresholded the resulting maps at p Ͻ 10 Ϫ3 , p Ͻ 10 Ϫ4 , and p Ͻ 10 Ϫ5 . As shown in Figure 5 (a,d, raw maps, b,e, threshold overlays), there was virtually no shift in the location of activation with changing threshold (Fig. 5c,f ) . Furthermore, the activations remained focal and exhibited minimal recruitment of additional activation zones (one small spot seen in area 1 in Fig.  5d ,e). In parallel with our results with fMRI (Fig. 3) , there was up to a 2.5-fold increase in activation size with decreasing threshold (Fig. 5g) : lower thresholds resulted in slightly larger activation areas, with an ϳ30% increase from p Ͻ 10 Ϫ5 to p Ͻ 10 Ϫ4 and ϳ100% increase from p Ͻ 10 Ϫ4 to p Ͻ 10 Ϫ3 (increase for p Ͻ 10 Ϫ5 to p Ͻ 10 Ϫ4 , 27% in D3 and 37% in D4; increase for p Ͻ 10 Ϫ4 to p Ͻ 10 Ϫ3 , 61% in D3 and 134% in D4). Despite these increases in area with decreasing threshold, topographic organization was still maintained. Thus our conclusions in this report regarding topographic specificity are consistent across BOLD and OIS methodologies and are not dependent on the precise threshold level used.
Similar maps with BOLD and OIS
Somatotopic maps of area 3b obtained by fMRI were compared with those collected in the same animal using optical imaging and electrophysiology. BOLD and OIS images were coregistered using a semiautomatic point-based registration algorithm (for details, see Material and Methods). Corresponding landmarks, such Figure 3 . Effect of different image thresholds on the location and size of BOLD fMRI activation. a-h, Area of D1 activation in case 1 (a-c) and D3 activation in case 2 (e-g) decrease with increasing stringency of thresholding ( p Ͻ 10 Ϫ4 ; p Ͻ 5 ϫ 10 Ϫ5 ; and p Ͻ 10 Ϫ5 ), but composite overlays (d, h) confirm that essential topography and the centroid of activation are unchanged. i, The activation area increases with increasing p value threshold for D1 in case 1 and D3 in case 2 (area relative to area at p Ͻ 10 Ϫ5 , defined as 100%). Compared with the activation areas at p Ͻ 10 Ϫ5 , areas measured at p Ͻ 5 ϫ 10 Ϫ5 increased 67.5% for D1 and 81.7% for D3; areas measured at p Ͻ 10 Ϫ4 sizes increased 73.5% for D1 and 135.9% for D3. Scale bars, 1 mm. as matching vascular and structural features (lateral and central sulci) visible on the cortical surface, were selected in the structural MRI and optical maps (Fig. 6, compare b, c) . In some cases, even some of the smaller vessels are visible in the fMRI and were used as additional alignment landmarks (Fig. 6d,e, arrows) . Figure 6 illustrates the alignment of the somatotopic maps in area 3b mapped by fMRI and by optical imaging for digits D2, D3, and D4 in one animal (Fig. 6, compare g, h) , and for D1 and D2 in a second animal (Fig. 6 , compare j, k) under the same conditions of anesthesia and stimulation. In most cases (e.g., D3 in animal one and D1, D2 in animal 2), the locations and relative spacing of digit activations were closely matched. For D4 in animal 1, more spatial offset between the fMRI and OIS maps is apparent. This offset may be attributable to the proximity to large blood vessels (Fig. 6f ) , where activations are more vulnerable to vascular and hemodynamic noise contamination. In general, with both methods, single-digit activations were ϳ1 mm 2 in size and were spaced ϳ1 mm apart.
To further examine the similarity between the fMRI and OIS maps, we plotted the activation distribution (as measured by statistical significance, t values), and measured the activation peak locations of fMRI and OIS maps. Activation shape and peak locations identified in fMRI and OIS activation maps for four digits from two animals are illustrated in Figure 7 (a-d, animal 1 , e-h, animal 2). For the four pairs of fMRI and OIS maps examined, the average activation location difference was 0.14 mm (range, 0.06 -0.22 mm). We also examined the variability in trial-to-trial peak location within single fMRI sessions (average, 0.21 Ϯ 0.07 mm, four sessions in four animals). Thus, the difference in location of OIS and fMRI activation is within the variability of fMRI localization for any given digit, indicating that the locations of the OIS and fMRI activations are not significantly different. Given the differences in methodology, the likelihood of residual anatomic coregistration errors arising from slight differences in plane of imaging, and the different signal-to-noise ratios, this degree of alignment is quite remarkable and suggests the equivalence of somatotopic maps generated by high-field BOLD fMRI and optical imaging.
BOLD reveals the representation of funneling illusory stimuli in area 3b
To further investigate the limits of spatial resolution, we next investigated whether high field BOLD fMRI could resolve the submillimeter activation shifts in area 3b previously identified as neural correlates of the tactile funneling illusion (Chen et al., 2003) . In the funneling illusion, simultaneous vibrotactile stimulation of two points on the skin produces the tactile illusory sensation of a central stimulated point (at a location where no actual stimulus is delivered); psychophysically, this "funneled" sensation is stronger in magnitude than the sensation produced by either single point stimulus alone (Gardner and Spencer, 1972; Hashimoto et al., 1999) . A neural correlate of this spatially mislocalized illusory percept was identified by optical imaging in area 3b in response to simultaneous stimulation of adjacent pairs of digit tips. Specifically, this stimulus condition elicited a submillimeter shift in activation to a central merged (funneled) location between adjacent digit tips (Chen et al., 2003) . The next series of fMRI experiments examined whether this submillimeter activation shift could be mapped by high field BOLD fMRI. Figure 8 summarizes the results of fMRI mapping of SI under conditions of single-and paired-digit stimulation. Two cases are shown. Individual stimulation of D3 and D4 generated distinct activations (Fig. 8a,e, respectively) . Zooming in on area 3b (Fig.  8b,d ,f, turquoise rectangle) revealed well resolved activation foci ϳ1 mm in size separated by ϳ1 mm. Simultaneous stimulation of D3 and D4 produced a single, focal activation, midway between the activation centers generated by stimulation of D3 and D4 alone ( Fig. 8d; for comparison, centers of activation locations are indicated by dotted red vertical lines). Similar results were obtained in all five hemispheres tested with funneling stimuli (a third funneling example with D1 and D2 stimulation is shown in Fig. 9a ). Consistent with optical imaging studies and with psychophysics (Gardner and Spencer, 1972; Hashimoto et al., 1999; Chen et al., 2003) , stimulation of nonadjacent digits showed no merging (Fig. 9b, D2 plus D4 stimulus condition) [compare Chen et al. (2003) , their Fig. 1] .
To quantify the spatial shift in activation, we used an MI ranging from 0 (center of one digit location) to 1 (center of second digit location) (see Materials and Methods). The MI for the case shown in Figure 8a -f is 0.53, indicating that activation was located between D3 and D4. The average MI for all cases of adjacent digits was 0.55 Ϯ 0.1 (mean Ϯ SEM), in excellent agreement with the MI of 0.54 Ϯ 0.13 measured in previous optical-imaging studies (Chen et al., 2003) . This demonstrates that, without additional contrast agents, high-field fMRI can resolve submillimeter shifts in activation.
Agreement of BOLD signal amplitude with optical imaging signal in representing funneling illusory stimuli
Our previous optical-imaging studies showed that the funneling illusion results in a change in activation profile: simultaneous stimulation of two adjacent digits results in an increase in activation at the central merged site and suppression of activation at the stimulated sites (Chen et al., 2003) . This change in activation profile at the central merged site does not result from a simple linear combination of maps derived from single-digit activations. The present fMRI data confirm this previous observation (Fig. 9) .
In Figure 9a , D1 and D2 were simultaneously stimulated, resulting in a single activation spot at a location between the D1 and D2 representations. Figure 9 , b and c, quantifies the activation amplitudes at each of three locations: the area activated by D1 (left), D2 (right), and simultaneous D1 plus D2 (middle) stimulation (Fig. 9a , white boxes indicate sampled locations). Stimulation of D1 alone produced strong activation at the D1 site and little activation elsewhere (Fig. 9b, white columns) . Similarly, stimulation of D2 alone produced strong activation at the D2 site and little activation elsewhere (Fig. 9b, dark  columns) . In contrast, stimulation of D1 plus D2 (Fig. 9c ) resulted in little activation at either the D1 (left column) or D2 (right column) sites, but strong activation at the central site (middle column); the amplitude at this central site is much greater than the sum of individual D1 and D2 stimulations at this site (Fig. 9b , compare columns). This nonlinear summation effect was not seen with nonadjacent digit stimulation (Fig. 9d-f, D2ϩD4) . Simultaneous stimulation of nonadjacent digits D2 and D4 resulted in two activations: one at the D2 site, one at the D4 site, and none in between these sites (Fig. 9d) . Comparison of activation magnitudes revealed three things. First, individual stimulation of D2 or D4 alone evoked strongest activations at D2 (Fig. 9e , white columns) and D4 (Fig.  9e, dark columns) sites, respectively. Second, paired D2 plus D4 stimulation (Fig.  9f ) resulted in lower magnitude at each of the D2 and the D4 sites than the sums of single-digit activations (Fig. 9 , compare e, sum of D2 activations, left columns, f, D2 column; and e, sum of D4 activations, right columns, f, D4 column), indicative of suppressive influences with paired stimulation. Third, and in important contrast to adjacent-digit activation, the location in between D2 and D4 exhibited little activation during simultaneous D2 plus D4 stimulation (Fig. 9f, D3 column). These results were all in excellent agreement with previous optical imaging experiments (Chen et al., 2003) and confirm the ability of high-field BOLD fMRI to appropriately resolve both spatial and amplitude differences at the submillimeter scale.
Discussion

Summary
In this study, we used positive BOLD fMRI (without contrast agents) and OIS to map the somatotopic representations of the distal fingerpads in SI of the same squirrel monkeys. The fMRI maps revealed distinct focal activations of individual fingerpads in area 3b, organized in a medial to lateral order from D4 to D1. Coregistration of fMRI and OIS maps based on cortical landmarks confirmed that the locations and areas of individual digit receptive fields were in close agreement. Furthermore, consistent with previous OIS results, BOLD activation resolved the ϳ500 Figure 6 . Comparison of somatotopic maps of fingerpads generated by fMRI, intrinsic optical imaging, and electrophysiology in the same animal. a-e, fMRI and optical maps were coregistered using landmarks (e.g., central and lateral sulci) visible on the cortical surface and identifiable vascular markers (black arrows) in both the T2*-weighted structural MR (a, b, d) and optical blood vessel images (c, e). g, h, j, k, Comparison of the composite activation maps obtained from fMRI (g, j) and optical imaging (h, k) for digits D2 (red), D3 (green), and D4 (blue) in monkey 1, and for D2 (red) and D1 (orange) in monkey 2, respectively. b-e are generated from monkey 1. Somatotopic maps of digits obtained from fMRI and optical imaging were overlaid in f (monkey 1) and i (monkey 2) for comparison. Green dots (h, k) indicate the electrode penetration locations where corresponding digit representation were identified. Scale bars: a, 5 mm; b-k, 1 mm. In monkey 1 ( g ), activations of D4 (blue) and D3 (green) are thresholded at p Ͻ 10 Ϫ7 and D2 (red) at p Ͻ 10 Ϫ8 . j, In monkey 2, activations of D1 (orange) and D2 (red) are thresholded at p Ͻ 10 Ϫ8 .
m spatial shift in single condition cortical activation maps accompanying the "tactile funneling illusion." Thus, the positive BOLD signal can be used to achieve submillimeter spatial resolution. These observations weaken previous notions regarding poorer spatial specificity of the positive BOLD mapping signal relative to OIS and strengthen the correlation between the initial dip and the late positive BOLD.
Methodology
Stable, reproducible maps
Several factors contribute to the stability and reproducibility of these high-resolution fMRI maps. First, the relatively subtle and focal nature of the stimuli generate very small changes in deoxyhemoglobin in draining veins leading to a notable absence of contaminating extravascular BOLD signals from draining veins and venules. Second, at high magnetic field, the short T2 of the intravascular signal (ϳ9 ms vs ϳ40 ms for tissue) (Lee et al., 1999) greatly reduces its contribution from large and small vessels. Thus, the increased spatial resolution available with high field BOLD fMRI can be attributed in part to the increased signalto-noise ratio, allowing reduced voxel volumes, and in part to decreased artifact from draining vessels. Furthermore, although the theoretical spatial resolution of the EPI data (625 ϫ 625 m in plane resolution) is determined by the matrix size, under highsignal/noise conditions, the centroid of each activation can be localized to within the spatial resolution limit so that submillimeter shifts can be detected. From our experiments, the areas activated by our stimuli do not extend over large diffuse regions, but at high field they are highly localized and ϳ1 mm in extent. As such, we are able to detect shifts on this scale. The third factor is our attention to fine-tuned anesthesia levels and stable physiological conditions of the animal: expired CO 2 and blood oxygenation and TR in the fMRI sequence were constantly monitored and adjusted to provide a stable BOLD signal baseline. Under these conditions, the BOLD signal amplitude (0.5-1%) remained stable across runs within single sessions, across multiple sessions, and across subjects (Fig. 2i) , and were comparable with those in previous studies at 9.4T (Schafer et al., 2006) .
It is noteworthy that changing the statistical threshold in the fMRI and optical activation maps led to relatively small changes in the area of activation and did not alter their locations. Over the range of thresholds explored, no spurious or unanticipated activations appeared. This robustness across threshold levels suggests that these focal activations were not artifactual byproducts of inappropriate thresholding.
Differences between OIS/fMRI stimulation paradigm
In both fMRI and OIS experiments, we used the same tactile probes, stimulation rates and amplitudes, and anesthesia methods. However, there were differences between these paradigms. The stimuli were delivered in 30 and 4 s blocks for the fMRI and the OIS studies, respectively. Other OIS paradigms that have used longer periods of image acquisition (Kalatsky and Stryker, 2003; Nelken et al., 2004) reveal strong similarity of maps obtained with long acquisition and the traditional interleaved method. Despite these differences, the topographies obtained are remarkably similar. Thus, differences in stimulation paradigm do not qualitatively change the imaged topography or the alignment of the maps. These results confirm the equivalence of the maps regardless of the particular stimulation paradigm.
Precision of alignment
Alignment precision depends heavily on the precision of map coregistration and variability in signal/noise. Possible contributors to signal variability include variability in physiological baseline and proximity to large blood vessels. As a result, alignment may be better in some cases than others (e.g., in Fig. 6 , D2 and D3 exhibit better alignment than D4, which is near two large vessels). In summary, despite the limitations imposed by signal variability, coregistration errors, and differences in stimulation paradigms, there was robust agreement of the OIS and fMRI topographies.
Previous studies showing high spatial resolution of BOLD signal
Because cortical columns are believed to be the building blocks of cerebral cortical function, revealing functional structures at the (top) and OIS (bottom) runs are shown: D3 and D4 from animal 1 (a-d) and D1 and D2 from animal 2 (e-h). Each pair of fMRI and OIS maps are aligned and displayed with the same field of view. The x-and y-axis indicate the aligned imaging plane in mm scale, and the z-axis indicates the t value associated with the mean difference between stimulus and baseline conditions in both fMRI and OIS maps. The mesh is color coded to reflect t value (blue, t Յ 0; yellow/red, t Ͼ 0). For fMRI maps, corresponding p values were t ϭ 5, p ϭ 5 ϫ 10 Ϫ7 ; t ϭ 8, p ϭ 10 Ϫ14 ; t ϭ 10, p ϭ 10 Ϫ20 ; and t ϭ 15, p ϭ 10 Ϫ35 , respectively. For optical images, corresponding p values were t ϭ 2, p ϭ 0.02; t ϭ 3, p ϭ 10 Ϫ3 ; and t ϭ 4, p ϭ 10 Ϫ4 , respectively. Arrows indicate activation center locations. Coordinates corresponding to t value peaks were used to calculate offsets between locations of fMRI and OIS activations.
millimeter and submillimeter scale is critical to understanding brain function. Higher-field-strength fMRI allows higher spatial and temporal resolution mapping in both animals and humans Cheng et al., 2006 ) (for review, see Harel et al., 2006b) . At the submillimeter level, for example, previous studies have shown that the initial negative BOLD (the initial dip) (Duong et al., , 2001 , CBF signal (Duong et al., 2001; Kim and Duong, 2002) and CBV-based fMRI (Zhao et al., 2005) can resolve columnar and laminar organization in sensory cortices and retina (Logothetis et al., 2002; Silva and Koretsky, 2002; Lu et al., 2004; Sheth et al., 2004; Zhao et al., 2005; Cheng et al., 2006; Fukuda et al., 2006; Harel et al., 2006a) . Although our BOLD images were acquired at the same field strength (9.4T) as reported by Duong et al. (2000) , we did not detect any initial negative BOLD signal. This may be because of our lower temporal sampling rate [TR, 1.5-2 s vs 500 ms in the study by Duong et al. (2000) ], differences in baseline vascular and hemodynamic status, and differences in stimulus characteristics (low-intensity focal vs high-intensity large visual field stimulation). In humans, resolution of millimeter-scale ocular dominance and orientation domains in primary visual cortex was achieved at 4T in subjects with optimal cortical geometries using optimized surface coils and extreme head stabilization efforts (Cheng et al., 2001) . Additional refinement of these approaches (Yacoub et al., 2005; Harel et al., 2006b; Norris, 2006) promises to provide answers to many functional organizational and evolutionary questions on cortical organization (e.g., whether submillimeter functional units exist in human cerebral cortex).
Correlation of BOLD, OIS, and electrophysiology: linkage between human and animal studies
In human studies, OIS maps showed better correlation with electrophysiological maps than did BOLD maps, although better correlation with the initial negative BOLD component has been suggested (Cannestra et al., 2001 ). In line with this observation, BOLD activation maps exhibited considerable spatial variation compared with electrophysiologically defined maps in monkeys (Disbrow et al., 2000) . These findings focused attention on whether differences in maps obtained with different techniques are caused by technical limitations, the specific cortical area studied, or inherent differences in the different mapping signals Cannestra et al., 2001 Cannestra et al., , 2004 . The current study suggests parallels between the BOLD and OIS, at least for our mapping paradigm in SI of the anesthetized monkey. The possibility remains that such parallels may not always be obtained. It is worth noting that, although in general the fMRI and OIS maps appear very similar, the degree of similarity must be interpreted with caution, because quantitative comparison is dependent on the precision of map coregistration methods.
The relationships between the BOLD signal and local electrophysiology remain poorly understood, but fMRI studies in nonhuman primates have contributed dramatically to system and cognitive neuroscience, as well as to our understanding of the biophysical basis of the fMRI signal (Denys et al., 2004; Gamlin et al., 2006; Gretton et al., 2006; Shmuel et al., 2006) . Furthermore, fMRI studies on nonhuman primates can provide a link between decades of studies with single/multiple unit and/or local field potential recordings conducted in behaving monkeys and fMRI studies in humans (Vanduffel et al., 2002; Orban et al., 2003; Tsao et al., 2006) . The positive BOLD signal has been shown to correlate more strongly with local field potentials than with single-unit recordings (Logothetis et al., 2001; Kayser et al., 2004) , and negative BOLD signal changes are associated with reduced neuronal activity (Shmuel et al., 2006) . Interestingly however, apparent mismatches between electrophysiological and BOLD (or OIS) responses have been reported in the prefrontal cortex of awake monkeys (Disbrow et al., 2000; Sawamura et al., 2006 ). Thus, whether other possible contributions to the BOLD become more prominent under certain contexts remains to be further established.
Conclusions
This study reports the first direct comparison of somatotopic maps in the same animal obtained using high-field BOLD fMRI and optical imaging, and also demonstrates sub-submillimeter spatial resolution mapping of cortical activity using high-field positive BOLD fMRI (without contrast agents). These results confirm the topographic equivalence of these methods and suggest that fMRI is an effective and appropriate tool for mapping the functional topography of brain areas not easily accessible using other methods. Moreover, these results suggest a significant correlation between the intrinsic optical signal, believed to correspond to the negative initial dip, and the late positive BOLD. 
